Abstract: The Dry Valleys are subdivided into three microclimate zones on the basis of summertime measurements of atmospheric temperature, soil moisture, relative humidity and wind-speed/ direction. Subtle variations in these climate parameters result in considerable differences in process geomorphology and in the development of unique landforms within each zone. The mapped zones include a coastal thaw zone, an inland mixed zone and a stable upland zone. Landforms within each zone are subdivided into macroscale features (e.g. valleys, slopes and gullies), mesoscale features (e.g. polygons and viscous-flow features) and microscale features (e.g. rock and near-surface soil features, including the effects of salt weathering, wind erosion and pitting). We present a review of landscape development in the Dry Valleys with implications for long-term climate change and icesheet stability. Chronological control is afforded by 40 Ar/ 39 Ar dating of volcanic ash-fall deposits and cosmogenic nuclide analyses of surface boulders. Collectively, the data call for persistent cold and dry conditions in the stable upland zone for approximately the last 14 Ma, although some level of climatic amelioration and landform modification may have occurred within low-lying regions and in the inland mixed zone.
Landscapes represent the physical manifestation of several interrelated processes, including variations in tectonism, lithology and climate. Of these, climate is known to change on timescales relevant to human endeavours and, thus, changing landscapes are commonly viewed as resulting from a change in local climate conditions. Important climate parameters include variations in temperature, rainfall, wind velocity and solar radiation. Notwithstanding the importance of tectonic structure and lithology in shaping landscapes, especially in areas of active tectonics, climate parameters yield diverse geomorphic processes, which in turn produce distinct assemblages of landforms. Among climate parameters, the leading driver of landscape change is the abundance, and state, of water. For example, in comparing arid and humid temperate environments, arid landscapes show far less waterrelated fluvial activity than humid environments. Climate zones characterized by mean annual temperatures at or below the freezing point of water will also have relatively little influence from fluvial activity. Rather, periglacial and glacial processes will prevail, and the landforms will be formed and modified by freeze-thaw cycles and the movement of ice. These relationships offer a powerful tool for defining climate zones, understanding how they form and evolve, and even for predicting the nature of landforms under different climate conditions. Exploiting such linkages among climate and landscape has led naturally to the notion of morphogenetic zones, with each zone containing a distinctive landform assemblage that corresponds with major climatic belts. In this paper, we use the terms equilibrium landform and equilibrium landform assemblages to describe landforms produced in balance with local microclimate conditions in the Dry Valleys. Although the concept is similar to that of morphogenetic zones, we prefer the phrase equilibrium landform assemblage because it highlights the importance of very small microclimate variations within the Dry Valleys that yield disproportionally large changes in geomorphic process and resulting landscapes. In the absence of buffering vegetation and biological processes, the Dry Valleys landscape is extremely sensitive to minor climate variation. The location of the zero-degree summer isotherm is one of the most critical geomorphic thresholds impacting landscape evolution in the Dry Valleys region, and, indeed, in most high-latitude environments and polar deserts worldwide.
Scientific approach
In this contribution, we examine the nature and evolution of the hyper-arid polar desert of the McMurdo Dry Valleys, defining three microclimate zones. We assess the role of small variations in temperature and precipitation in producing and sustaining different characteristic landforms at a variety of scales. We then explore the application of these concepts towards the assessment of long-term climate change and ice-sheet stability. Throughout the text, we synthesize earlier work from , which focused on exploiting geomorphic similarities among landforms in the Dry Valleys and those observed on Mars, with an eye towards understanding climate change and glaciation on Mars. Here, we utilize our geomorphic synthesis to present an assessment of Antarctic climate change and ice-sheet stability, with an eye towards understanding ice dynamics and landscape evolution under warmer-than-present climates (e.g. DeConto et al. 2012) . We begin with a brief overview of the physical setting of the Dry Valleys, and then highlight several key geomorphic processes endemic to all microclimate zones. We then show how subtle variations in summertime temperature, wind speed, relative humidity and soil moisture across each zone alters these key geomorphic processes and results in the development of an array of different landforms at multiple scales. We introduce new data on microclimate conditions within each zone, discuss the geomorphic evolution of buried-ice deposits as a function of climate zone, provide new age control for landform evolution and assess the implications for ice-sheet dynamics over time.
The McMurdo Dry Valleys
Located in the central Transantarctic Mountains, the McMurdo Dry Valleys, or more commonly the Dry Valleys, lie between the East Antarctic Ice Sheet and seasonally open water of the Ross Sea (Fig. 1) . Local relief is approximately 2800 m. Most regions are generally free of surface ice and there are no vascular plants. Taylor, Wright and Victoria are the main east -west-trending valleys that transect the region. These valleys, each about 80 km long and up to 15 km wide, are separated by the Asgard -Olympus ranges and the Quartermain Mountains. Mountainous terrain is highest at the western rim of the Dry Valleys (where peaks commonly exceed 2000 m in elevation), and this bedrock threshold prevents significant influx of East Antarctic ice from flowing into the Dry Valleys. However, two small outlet glaciers, Taylor Glacier and Upper Wright Glacier, just pass over this threshold and terminate on land 50-75 km from the coast; only one outlet glacier reaches the coast, the Ferrar Valley Glacier (Fig. 1) . Snowfall is less than 50 mm water equivalent per year, with the highest values nearest the coast and decreasing inland (Fountain et al. 2010) . Along with windblown snow from the polar plateau, this precipitation appears sufficient to nourish alpine glaciers that descend major valley walls and occupy the heads of dozens of tributary valleys.
The local bedrock in the Dry Valleys consists of a basement complex of pre-Cambrian -Palaeozoic age granites, gneisses and marbles, most of which were produced and deformed during the CambrianOrdovician Ross Orogeny. Typically, these rocks crop out below approximately 800 m in elevation near the coast, as well as in low-lying portions of the central Dry Valleys region. Further inland, and at higher elevations, the exposed bedrock consists of relatively flat-lying sedimentary rocks of the Beacon Supergroup (Devonian -Triassic-age sandstones, siltstones, orthoquartzites and conglomerates) and 200-300 m thick sills of Ferrar Dolerite (Jurassic-age intrusives representing the break-up of Gondwana: Elliot & Fleming 2004) . The Kukri Peneplain separates the basement complex from overlying sedimentary formations and Jurassic-age intrusives. Offshore, large stratovolcanoes occur within 100 km of the Dry Valleys region. Volcanic detritus recovered in drill cores in the western Ross Embayment indicates that regional volcanism extends back to at least late Eocene time (Kyle 1990 ).
Early geomorphic studies in the Dry Valleys
The earliest investigations in the Dry Valleys set the stage for modern geomorphic analyses. Based on logistical considerations, the earliest investigations were largely centred near the coast, and the implicit assumption was that observed geomorphic processes operating in low-lying, relatively warm and humid coastal sites could be applied uniformly across the entire Dry Valleys region. Ultimately, this approach perpetuated the notion of a single, hyper-arid cold-polar desert with spatially uniform geomorphic processes. Paradoxically, early soil scientists in the region exploited the influence of local microclimate conditions on soil development (e.g. Campbell & Claridge 1969 ; see also Barrett et al. 2006) but only recently have geomorphologists begun to appreciate and utilize linkages among microclimate and geomorphic process to both constrain past climate variation and predict future variations with global change (Swanger et al. 2010) . Of paramount importance in this endeavour has been the deployment of weather-sensitive data loggers across the region  see also the next section).
Fundamental geomorphic processes
Several fundamental geomorphic processes impact landscape evolution across the Dry Valleys. These include aeolian erosion from katabatic winds, active-layer cryoturbation (including thermal expansion/contraction), cold-based glaciation, fluvial activity, salt weathering and mass wasting. These processes vary in intensity and rate across each microclimate zone.
Katabatic winds
Gravity-driven katabatic winds flow off the East Antarctic Ice Sheet and gather speed as they pass through the Dry Valleys, commonly exceeding 50 km h 21 (Schwerdtfeger 1984; Marshall & Turner 1997; Nylen et al. 2004) . Katabatic winds warm adiabatically as they descend ice-sheet margins, resulting in elevated air temperatures and excursions that are particularly apparent during winter months (Fountain et al. 1999; Doran et al. 2002; Nylen et al. 2004) ; adiabatic warming can increase local air temperatures by 30 8C in just a few hours (Fountain et al. 1999) . Alternatively, some authors have suggested that a significant portion of these wind events should be reinterpreted as foëhn winds, resulting from topographical modification of flow in the lee of mountain barriers (Speirs et al. 2010) . However, regardless of the exact origin of the winds, they increase air temperatures and transport significant snow from the Polar Plateau, some of which is deposited in the lee of topographical obstacles throughout the Dry Valleys. The fate of this snow -to melt or sublimate -is a critical factor in the development of most unconsolidated landforms in the Dry Valleys. In addition to changing surface albedo, this snow influences the areal distribution and depth to icecemented ground (Bockheim 2002; McKay 2009) , the longevity of buried-ice deposits (Kowalewski et al. 2006 (Kowalewski et al. , 2011 Hagedorn et al. 2007 Hagedorn et al. , 2010 , the distribution of near-surface salt accumulations (Campbell & Claridge 1987; Bockheim 1997; Bao et al. 2008) , and, more generally, the potential for liquid water (Gooseff et al. 2003b; Hall et al. 2010) and runoff (Head et al. 2007a, b; Levy et al. 2011) . Moreover, high-velocity winds entrain sand grains that scour the ground, producing cavernous weathering and ventifacts (Malin 1984 (Malin , 1987 Selby 1977; Lancaster 2002 Lancaster , 2004 Gillies et al. 2009 ). In places, rates of erosion from wind action have been estimated to be approximately 0.1 mm a 21 (Malin 1984 (Malin , 1987 , although the magnitude varies greatly over the region (Malin 1991) . The largest concentration of ventifacts occurs on ground surfaces that have been exposed for more than 1 Ma; the presence of these wind-polished clasts has been used to infer the relative age and stability of surfaces in the Dry Valleys (Bockheim 2002) .
Active-layer cryoturbation and thermal contraction/expansion
Permafrost is any material that is at or below 0 8C for at least 2 consecutive years. It may be classified as dry, in which it lacks sufficient interstitial water to be cohesive (Bockheim 2002) , or wet. In either case, most permafrost displays a near-surface layer (active layer) that experiences seasonal temperatures both above and below 0 8C (Yershov 1998; Davis 2001) . The presence and thickness of this active layer depends primarily on atmospheric temperature, and, secondarily, on substrate heat conduction; the latter being strongly modulated by water content. Given the importance of active-layer cryoturbation on landform development, we distinguish a 'wet' active layer from a 'dry' active layer. A wet active layer contains visible ice or liquid water; changes in the state of water to ice, and back again, result in considerable variations in landscape morphology and soil geochemistry ). In contrast, dry active layers contain minimal soil moisture, generally less than 5% gravimetric water content; given their lack of water, temperature oscillations above and below 0 8C result in minimal geomorphic change. In interior regions of the Dry Valleys, thin, dry active layers (,15 cm thick) are the norm, whereas relatively thick and wet active layers (25+ cm in thickness) are common in coastal settings (Campbell et al. 1997a, b; Bockheim 2002; Campbell & Claridge 2006; Bockheim et al. 2007) . The greater thickness of active layers in coastal settings is due both to elevated atmospheric temperatures and to high soilmoisture concentrations (Ikard et al. 2009 ). Soil moisture increases apparent bulk soil thermal diffusivity, which in turn leads to deeper summertime thaw and deeper active-layer cryoturbation (Ikard et al. 2009 ).
Strong seasonal changes in temperature not only produce active layers but may also induce volumetric changes in ice-cemented/cohesive ground, resulting in the development of thermal contractioncrack polygons (Lachenbruch 1962) . The polygons form by thermal cracking of ice-rich permafrost and subsequent infilling of cracks with a variety of materials. In plan view, the cracks intersect to form a network of polygonal patterns and shapes. Thermal cracking is favoured in regions that experience abrupt seasonal cooling (Berg & Black 1966; Black 1973; Hallett et al. 2011) and where nearsurface materials are cohesive; cracks may be absent in dry permafrost, even though atmospheric conditions are suitable for polygon formation. Different classes of polygons arise from microclimate variation: ice-wedge polygons occur near the coast; sand-wedge polygons dominate inland regions; and sublimation polygons, a special type of sand-wedge polygon that forms in areas with dry active layers underlain by massive ice , occupy portions of the coldest and driest areas (see details below).
Cold-based glaciers
Alpine glaciers in the Dry Valleys are cold-based. In contrast to wet-based glaciers, which move through a combination of internal creep, basal sliding, regelation and subglacial sediment deformation, cold-based glaciers move only through creep deformation. Rates of bedrock erosion beneath cold-based glaciers are extremely low, of the order of about 10 27 m a 21 (Cuffey et al. 2000) . This rate is several orders of magnitude less than that of typical wet-based alpine glaciers (Hallet et al. 1996; Spotila et al. 2004; Brook et al. 2006; Koppes & Hallet 2006) , and even below estimates for wind erosion in the region (Malin 1984 (Malin , 1987 . There is a large body of evidence that suggests that cold-based glaciers tend to preserve landscapes, rather than erode them (e.g. Borgstrom 1999; Kleman & Hatterstrand 1999; Fabel et al. 2002; Briner et al. 2006; Swanger et al. 2010) . However, in suitable areas, the passage of cold-based alpine glaciers has resulted in observable landscape change, including minor scrapes and gouges on bedrock, rotated blocks, and patches of isolated, coarse-grained till (e.g. Fitzsimons et al. 2001; Atkins et al. 2002; Davies et al. 2009 ). Further, well-documented evidence exists for distinct landform assemblages for cold-based glaciers (Fitzsimons 2005) . At glacier snouts, for example, debris entrainment and modification may occur through localized detachment of frozen sediment and glaciotectonic thrusting (Hambrey & Fitzsimons 2010) . Thus, it is clear that some erosion is possible beneath cold-based ice but it is also clear that in places cold-based glaciers have advanced across unconsolidated landforms without modification of the underlying substrate (Marchant et al. 1993a; fig. 2 in Swanger & Marchant 2007) .
Notwithstanding the above, the lack of appreciable regelation beneath cold-based glaciers (Cuffey et al. 2000) limits entrainment, and direct rockfall onto glacier ice is the primary mechanism of debris entrainment. However, because rates of rockfall are low throughout the region (Summerfield et al. 1999) , most alpine glaciers are relatively free of debris. Moraines, if present, may be little more than a single row of aligned cobbles. Furthermore, given the stochastic nature of rockfall, moraines are commonly discontinuous over relatively short distances (measured over 10s of metres) and most occur only where glacier ice has passed alongside steep bedrock cliffs.
Fluvial activity
Water produced from melting along the surface of outlet, alpine and piedmont glaciers may generate considerable gullying and erosion of unconsolidated deposits (Chinn 1987; Atkins et al. 2002; Atkins & Dickinson 2007 ). This type of intermittent fluvial activity is most pronounced in the coastal thaw zone but surface melting during extreme warm events may also promote gullying at higher elevations .
Salt weathering
Almost all geomorphic processes in the Dry Valleys region are modified by variations in local soil salinity (e.g. Claridge & Campbell 1968 Bockheim 1997 Bockheim , 2002 Mahaney et al. 2001; Campbell & Claridge 2006) . Salts can occur as coatings and efflorescences at the ground surface (Campbell & Claridge 1987; Bockheim 2002) , and as discrete salt-cemented horizons, sometimes up to 15 cm in thickness, in the subsurface (e.g. Bockheim 1997; Campbell & Claridge 2006) . Local areas of relatively low surface albedo may induce snowmelt on solar-heated rocks. This snowmelt, over time, may generate brines that migrate laterally, and evaporate beneath rocks to produce salt coatings, effloresences and indurated pans. These local concentrations of salts can induce variations in soil moisture by affecting the state of water.
Surface water has been observed at temperatures of less than 24 8C in small damp, salty hollows (e.g. Campbell & Claridge 2006) , and has even been observed to remain unfrozen at temperatures below 240 to 250 8C in upper Wright Valley at Don Juan Pond (e.g. Marion 1997; Takamatsu et al. 1998; Healy et al. 2006) . Water cycled laterally through hyporheic zones (regions beneath and lateral to stream beds, where mixing of shallow groundwater and surface water occurs) can mobilize salts, forming saline solutions, brines and seeps, and can locally redeposit salts in soil horizons at and just below the surface (e.g. McKnight et al. 1999; Lyons et al. 2005; Harris et al. 2007) . Vertical migration of water through soils can also result in mobilization and concentration of salts (e.g. Gibson et al. 1983; Dickinson & Rosen 2003; Wentworth et al. 2005) . These variations in vertical concentrations result in salt aggregations and layers that can be characterized by significant locally elevated water contents; such variations can produce local complexities in the geochemistry and thermal states of soils, and can influence geomorphic processes and resultant surface landforms. Salt types include a very wide variety of crystalline phases of sodium, potassium and magnesium chlorides, nitrates, and sulphates. Although salts increase in importance and abundance with increasing soil age (e.g. Claridge & Campbell 1977; Mahaney et al. 2001; Wentworth et al. 2005; Bao & Marchant 2006; Campbell & Claridge 2006) , local changes in rock-surface albedo, which induce or retard surface snowmelt, play significant roles in salt occurrence and distribution.
Viscous flow
There are several classes of viscous flow in the Dry Valleys. For micro-and mesoscale flow features (,100 m long), the terms solifluction and gelifluction are sometimes used interchangeably (e.g. Matsuoka 2001), and for large-scale viscous flow features the terms rock-glacier and debris-covered glacier are often interchanged (e.g. Giardino et al. 1987; Whalley & Palmer 1998) . Misconceptions in terminology arise because the features all form by a continuum of processes that are related to the slow movement of hill slope materials. We define solifluction as the slow flow of saturated materials, with or without the presence of nearby ice (e.g. as originally implied in Andersson 1906) . Our usage of the term gelifluction is different in that in addition to saturated flow, gelifluction lobes advance by internal deformation of (and, perhaps, slippage along) buried-ice lenses or pore ice. Although rockglaciers and debris-covered glaciers both flow by creep deformation of internal ice, we distinguish rock-glaciers as having ice of secondary origin (i.e. not glacial), including ice that forms by the freezing of pore water. Debris-covered glaciers are those viscous-flow features that have a demonstrable core of buried glacier ice.
Division of microclimate zones
Observed and measured weather conditions over a 10 year time span show that the Dry Valleys region is best divided into a series of microclimate zones (e.g. ; see long-term climate records available at http://www.mcmlter.org/). Slight changes in summertime atmospheric temperature and soil moisture, particularly along microclimate boundaries, are sufficient to produce major changes in geomorphic processes and surface topography. As is the case for most desert regions, the geomorphic impacts of minor changes in soil moisture are disproportionately large when compared to similar shifts in humid temperate latitudes due to the crossing of geomorphic thresholds (Langbein & Schumm 1958; Schumm 1965; Schumm & Lichty 1965) . On the basis of measured summertime climate conditions (Table 1) , we distinguish a coastal thaw zone, an inland mixed zone and a stable upland zone (Fig. 1, inset) . Alternative subdivisions are possible (e.g. Campbell & Claridge 1969 Bockheim 2002 Bockheim , 2003 but this three-fold classification captures the major trends in geomorphic processes and equilibrium landforms across the region. We focus on summertime climate because of the prevalence of liquid water during this time and because climate variation across the Dry Valleys during the winter months is relatively minor . Figures 2 and  3 , as well as Table 1 , show a subset of meteorological data collected by the authors. Although relatively short in duration, the records highlight typical variability in summertime climate parameters across the Dry Valleys region; see also additional long-term records available at http:// www.mcmlter.org/.
Coastal thaw zone
Modern summertime air temperatures in the coastal thaw zone show a mean season-long temperature of around 24 8C and a mean daily maximum of approximately 21.5 8C. Snowfall in the coastal thaw zone reaches 50 mm of water equivalent per year (Schwerdtfeger 1984; Fountain et al. 2010) , and a large fraction melts and infiltrates near-surface soils. Owing to large variations in surface albedo (which arise from the presence of numerous tills capped by different lithologies in the coastal thaw zone: Hall et al. 1993; , surface and subsurface ground temperatures vary considerably over relatively short horizontal distances of about 10 m. In all places measured, In all panels, wind directions, divided into 20 bins from 08 to 3608, are represented radially, with longer slices indicating greater winds from these directions during the study interval. The proportion and magnitude of both wind velocity and relative humidity are represented by colour. Although local valley topography influences prevailing wind directions at each location, the general trends call for less frequent, stronger and dryer winds from the west/SW and more frequent, weaker and wetter winds from the east /NE. Note also the general increase in the proportion of westerly winds in the stable upland zone relative to the inland mixed zone and coastal thaw zone. Figure 1 for the locations of the weather stations. Atmospheric temperatures in the coastal thaw zone and inland mixed zone oscillate above and below 0 8C (dashed horizontal line), but remain less than 0 8C in the stable upland zone. Likewise, soil temperatures remain largely above 0 8C in the coastal thaw zone (red), oscillate above and below 0 8C in the inland mixed zone, and remain well below 0 8C in the stable upland zone. Dates reported in month/day/year format.
however, subsurface soil temperatures in the coastal thaw zone rise well above 0 8C (Table 1, Figs 2 & 3) . Most soils in the coastal thaw zone have a gravimetric water content in excess of 30% (Campbell et al. 1997a, b) and display relatively thick (.20 cm) wet active layers. As seen from data plotted in Figure 2 and Table 1 , the winds passing across the coastal thaw zone show an average summertime relative humidity of approximately 62%, reflecting the predominance of easterly winds passing over the Ross Sea (Table 1 , Fig. 2 ). Figure 2 also shows that very strong, but infrequent, westerly winds impact the region. These westerly winds possess low relative humidity values, averaging about 40%. Gooseff et al. (2006) showed that, at the valley scale, surface snow, streams and lakes show a decreasing amount of deuterium (dD) with respect to hydrogen with increasing distance from McMurdo Sound.
Inland mixed zone
Alternating winds passing across the inland mixed zone (westerly katabatic and easterly from the Ross Sea) produce variable relative humidity in the inland mixed zone but the mean summertime relative humidity is close to that of the coast, around 54%. Summertime air temperatures show a mean of approximately 25.58C, with a mean daily maximum of about 238C (Table 1) . Snowfall is most probably less than that of the coastal thaw zone, although uncertainty arises from the unknown quantity of wind-blown snow from the Polar Plateau and the unconstrained, and most probably variable, rate of ablation via sublimation and melting (Fountain et al. 2010) . Subsurface soil temperatures ( Fig. 3 ) rise above 08C for most of the summer months and, apart from regions alongside ephemeral streams and isolated snow patches, near-surface soils in the inland mixed zone contain less than 30% gravimetric water content (Campbell et al. 1997a (Campbell et al. , 1997b . Such conditions foster widespread, dry active layers.
Stable upland zone
The low values for summertime relative humidity in the stable upland zone, approximately 44% (Table 1) , reflect the passage of dry winds originating over the East Antarctic Ice Sheet. Summertime air temperatures show a mean of about 210.58C, with a mean daily maximum of around 27.58C (Table 1 , Fig. 3 ). Precipitation is limited but snow blown off the Polar Plateau accumulates on small glaciers and feeds perennial snow banks. Glaciers and snow banks lose mass by sublimation, and the upper horizons of most soils contain less than 5% gravimetric water content (Campbell et al. 1997a ).
Shallow, buried-ice deposits and ice-cemented ground do not undergo melting in this zone. Instead, ice loss is almost entirely by sublimation, with unique, diffusion-dominated sublimation profiles preserved in the top few centimetres of remaining ice (Lacelle et al. 2011 ). These conditions foster the development of widespread, dry active layers.
Landform analysis
We now outline the specific geomorphic processes that give rise to various equilibrium landforms in the three microclimate zones. In doing so, we document the spatial variability in landform assemblage across each zone, and assess surface ages and rates of geomorphic change on the basis of dated ash-fall deposits and cosmogenic nuclide analyses of surface boulders. Ultimately, we consider the implications of these results in terms of assessing the stability of both the East and West Antarctic ice sheets over time. Our analysis is organized by the size of mapped geomorphic features and by microclimate zone. Subdivisions include: (1) macroscale landforms (.250 m in areal extent or those features incised in bedrock); (2) mesoscale landforms (unconsolidated deposits from 1 to c. 250 m in areal extent); and (3) microscale landforms (features ,1 m in size). One benefit of this scale-dependent evaluation is that similar analyses can be performed for other regions of the Transantarctic Mountains on the basis of high-resolution satellite imagery coupled with digital elevation models (DEMs).
Macroscale landforms: gullies and valley-side asymmetry
Coastal thaw zone. Slopes in the coastal thaw zone display a systematic asymmetry. Although some variability exists, north-facing slopes that receive relatively high levels of incident solar radiation (e.g. Dana et al. 1998) are shallower (averaging c. 208) than south-facing slopes (c. 258). The size and spacing of gullies on valley walls in the coastal thaw zone also display local variation with aspect. In lower Ferrar Valley, for example, gullies on the north-facing slopes appear deeper and spaced further apart than those on south-facing slopes (Fig. 4) . Melting occurs preferentially on northfacing slopes, with meltwater commonly percolating centimetres to tens of centimetres into soils. In places, this meltwater elevates soil pore pressures sufficiently to induce downslope movement via solifluction; that is, the slow flow of saturated materials. Elsewhere, evaporation of meltwater produces visible salts that coat rock surfaces and intervening soil. Variations in the size of these salt crystals, arising from expansion and contraction upon hydration -dehydration, permits rock breakdown, as salts pry away loosely bound crystals (Huinink et al. 2004 ). In the coastal thaw zone, the most common salt species are chlorides and sulphates, reflecting proximity to the Ross Sea (Claridge & Campbell 1977; Bao et al. 2000) . Overall, the melting of snow and glaciers on north-facing slopes in the coastal thaw zone is a rather minor process of ice loss, only accounting for about 10% of the total ablation, the majority of the loss takes place by sublimation (Chinn 1980 (Chinn , 1981 (Chinn , 1987 Frezotti 1997; Lewis et al. 1998; Fountain et al. 1999) . Nonetheless, the meltwater produced is sufficient in places to cut channels 3-5 m deep in loose debris. A saturated hyporheic zone, 1-2 m wide (Gooseff et al. 2003a) , commonly fringes these channels during summer months and helps sustain a unique biota of several varieties of cold-adapted nematodes (Gooseff et al. 2003b; Nkem et al. 2006) ; this glacial meltwater may also lead to the formation of ephemeral ponds (Lyons et al. 2012) . Snow that falls on south-facing slopes in the coastal thaw zone tends to lose mass via sublimation and, in a relative sense, produces far less geomorphic impact.
Inland mixed zone. The inland mixed zone also shows considerable valley-side asymmetry. Although the average air temperature in the inland mixed zone is less than that of the coastal thaw zone (Table 1, Figs 2 & 3) , minor snowmelt fringes most snow banks because snow melts alongside rocks that are heated by solar radiation to temperatures above 08C. In addition, snow may be blown from local snowbanks onto the surface of solarheated rocks. In this way the distribution of meltwater is increased well beyond the immediate margins of snowbanks, although it is localized in the downwind direction. The total meltwater contributed by these processes is relatively minor (and does not commonly support solifluction) but appears sufficient to maintain a shallow, discontinuous ice-cemented layer within the upper few centimetres of debris, and may also contribute to shallow subsurface meltwater flow in saline soils (e.g. Lyons et al. 2005; Harris et al. 2007) . Perennial snowbanks and seasonal wind-blown snow trapped in lows (alcoves, channels, polygon troughs) may form significant sources for meltwater that can lead to gully formation in the inland mixed zone (Head et al. 2007a, b; Levy et al. 2007 ). However, gullies in the inland mixed zone are typically relatively shallow (in comparison with those of the coastal thaw zone), appear closely spaced and show sharp, knife-like interfluves.
Stable upland zone. Given that the current climate conditions in the stable upland zone prohibit significant meltwater (Table 1, Figs 2 & 3) , there is little evidence for ongoing, macroscale geomorphic change. Gullies, where present in this zone, are interpreted to be relict and inactive because overlying colluvium is commonly interbedded with in situ ash fall dated to as much as 11 Ma (Marchant et al. 1993a (Marchant et al. , b, 1996 ; see also below). Unlike slopes in the coastal thaw zone and inland mixed zone, which are incised in relatively uniform igneous and metamorphic rocks of the basement complex, the slopes of the stable upland zone are incised in sedimentary rocks and intervening sills of dolerite. Lithology thus plays a significant role in the macroscale geomorphology of the region: cliffs are formed in resistant sills of Ferrar Dolerite and Beacon Heights Orthoquartzite, whereas smooth, rectilinear slopes (c. 258 -308) form on weakly cemented sandstones (Altar Mountain Sandstone, New Mountain Sandstone) (Selby 1971a (Selby , 1974 Augustinus & Selby 1990; Sugden et al. 1995a; Prentice et al. 1998) . Glaciers in the stable upland zone lose mass almost entirely by sublimation. The margins of some glaciers and perennial snow banks may experience melting where intense re-radiation off nearby surfaces elevates local temperatures (e.g. Dana et al. 1998; Fountain et al. 1999) or where a thin cover of wind-blown sands lowers the surface albedo and induces melting of underlying ice and snow (this phenomenon occurs in all microclimate zones but it is the only mechanism for relatively significant melting in the stable upland zone). In all cases, however, the geomorphic impact of this meltwater in the stable upland zone is negligible. Although meltwater may moisten the upper 5-15 cm of soil, it does not induce solifluction, and evaporation removes most of this water within hours (Kowalewski et al. 2006 (Kowalewski et al. , 2011 .
Synthesis. Macroscale landforms: gullies and valley-side asymmetry
The observed measures for gullies and valley-side asymmetry in the Dry Valleys are plausibly related to spatial variations in the melting of snow and ice (and, where appropriate, the distribution of resistant bedrock lithologies). The mature gully system of the coastal thaw zone most probably reflects: (1) the preponderance of rock breakdown associated with snowmelt, freeze -thaw and salt weathering; and (2) the downslope transport of these weathering products by water, solifluction and wind. Given the direct correlations between the magnitude of observed surface melting and the size and spacing of gullies in the inland mixed zone and coastal thaw zone, we suggest that gully maturation may be analogous to the developmental sequence of rills to master rills observed in cohesive sands in humid temperate regions (Bocco 1991) . If so, mature gullies form at the expense of immature gullies by progressive capture, a process that requires significant meltwater and some component of lateral flow. As gullies grow, they are capable of trapping increasing amounts of wind-blown snow, which on melting enables cross-grading (i.e. lateral flow on walls of newly formed gullies) that promotes the wide spacing of gullies. If the above sequence is correct, then the relatively high density and narrow morphology of gullies in the inland mixed zone could reflect stagnation within the maturation sequence due to insufficient meltwater. Among additional parameters that could be responsible for the observed variation in gully morphology is the duration of gully incision. We contend that time is not the most critical factor in differentiating gully morphology because, as noted below, many slopes in the inland mixed zone (as well as in the stable upland zone) have been dated on the basis of 40 Ar/ 39 Ar analyses of overlying ash fall to more than 7 Ma (Marchant & Denton 1996, see below) . Given the time available for slope evolution in the inland mixed zone, we postulate that gullies would have achieved mature forms if sufficient meltwater had been available (i.e. comparable to that now found in the modern coastal thaw zone). The extremely low levels of meltwater produced in the stable upland zone lead to a preponderance of inherited slopes that probably formed under wetter, and most likely warmer, climate conditions before the onset of cold-polar desert conditions (e.g. Sugden et al. 1995a, b; Lewis et al. 2007 Lewis et al. , 2008 .
Mesoscale landforms: contraction-crack polygons and viscous-flow features
Coastal thaw zone. Locally, ice-wedge polygons are the most common form of contraction-crack polygon in the coastal thaw zone (Fig. 5) . The seasonal influx of liquid water from wet active layers into open thermal-contraction cracks, along with subsequent growth of ice on freezing, leads to the development of downward-tapering ice wedges outlining raised rim polygons (Berg & Black 1966) . Polygons in the coastal thaw zone average about 10 -20 m in diameter. The maximum width of most ice wedges is around 2 m, considerably less than that for comparable ice-wedge polygons of Arctic regions (e.g. Mackay 1977 ). The smaller size of ice wedges in the coastal thaw zone, relative to those of the Arctic, probably reflects the relatively limited availability of liquid water in the coastal thaw zone, rather than the duration of ice-wedge growth.
Solifluction is the dominant form of viscous flow in the coastal thaw zone (Fig. 6) . Solifluction lobes are commonly 20 -30 cm thick and occur en echelon on slopes as low as 58 (Nichols 1968; Selby 1971b ). In places, soil pore pressures, and thus rates of solifluction, are elevated where meltwater is unable to penetrate impermeable subsurface horizons, such as a local ice table. As the summer season progresses, shallow ice commonly melts and gives rise to typical, although relatively small, thermorkarst features (shallow depressions, planar slides: Swanger et al. 2010) . The wetting of nearsurface debris also commonly produces saline brines (Campbell & Claridge 1987; Bockheim 1997; Campbell et al. 1998; Lyons et al. 2005) . These brines remain in a liquid state, facilitating solifluction even as temperatures drop below the freezing point for pure water. . Schematic soil-temperature profiles and block diagrams for polygon subtypes as a function of microclimate zone. For all soil profiles, layer 1 (if present) is the active layer; layer 2 is the zone of thermal expansion and contraction (with the base being the level of zero annual amplitude); and layer 3 is the remaining permafrost. The top left (coastal thaw zone) soil profile shows a relatively thick active layer (layer 1) with warm mean summer soil temperatures. These conditions foster the development of saturated active layers and ice-wedge polygons, with downward-tapering wedges of ice forming as meltwater percolates into open thermal cracks and subsequently refreezes. The addition of ice to the subsurface in this manner creates compressional stresses (straight arrows) that induce upwards soil movement (curved arrows) yielding raised-rim polygons; blue colours indicate significant soil moisture/ice content. In contrast, mean summer temperatures in the inland mixed zone (centre column) are lower than those of the coastal thaw zone, and these conditions foster relatively shallow active layers. The increased aridity in the inland mixed zone means that most of these active layers are dry (signified by the light tan colour in the polygon schematic) and that sand-wedge polygons, rather than ice-wedge polygons, are the norm. If sufficient sand is available, raised rim, sand-wedge polygons may be produced (Berg & Black 1966) . Finally, in the stable upland zone (far-right column), mean summer soil temperatures are below zero, and many regions lack active layers (if active layers exist, they are relatively thin and dry). In the special case where thermal contraction occurs in regions with excess subsurface ice (e.g. ice exceeding pore space), differential sublimation at crack sites promotes the formation of deep troughs, and high-centred sublimation polygons are produced . Importantly, there is relatively little, if any, net motion at depth in mature sublimation polygons because cohesive plugs, which form at the tops of cracks, typically prevent sediment infill; if some minor sediment is able to penetrate mature cracks, however, ice sublimation along crack margins typically generates sufficient accommodation space to prevent compressive stress and ice deformation (figure adapted from ).
Inland mixed zone. Sand-wedge polygons and composite polygons are the dominant forms of contraction-crack polygons in the inland mixed zone (Fig. 5) . Sand-wedge polygons develop in a manner analogous to ice-wedge polygons except that contraction cracks fill with sand, rather than with ice (Péwé 1959; Murton et al. 2000) . Composite polygons show wedges that exhibit alternating lenses of ice and sand (Ghysels & Heyse 2006) . The retention of open contraction cracks at the ground surface, and the availability of sands to fill these cracks are two key factors that determine the growth of sand-wedge polygons (Berg & Black 1966; e.g. Marchant et al. 2002) . Because cracks tend to be wider and remain open longer in soils with cohesive ice or salt-cemented horizons, sandwedge polygons are most active near the margins (and downwind) of perennial snow banks that experience minor snowmelt. To a first order, growth rates of sand wedges appear correlated with the abundance of available sediment and with the presence of shallow ice and salt-cemented soil horizons (e.g. Marchant et al. 2002) . In areas with dry active layers, polygons may be absent even though atmospheric conditions are suitable for thermal expansion and contraction.
Lobate viscous flow features are common along the north wall of central and upper Taylor Valley (Fig. 6) . Recent work by Swanger et al. (2010) demonstrates that widespread flow features on the north wall of central Taylor Valley probably originated as debris-covered glacier ice (initially, widespread, ice-cored, lateral moraines) about 130 ka ago. The front of the largest lobe (Fig. 6b) is currently advancing downslope at a maximum rate of approximately 7 mm a
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. Interestingly, this creep deformation has transported lobe fronts (with ice up to 30 m thick) well beyond the maximum extent of alpine advance at 130 ka. Overall, this finding highlights the importance of direct burial of ice and snow in the formation of viscous lobes, and is in keeping with recent modelling studies that suggest that soil-moisture conditions in the central and western Dry Valleys region (e.g. areas inland of the coastal thaw zone) appear too dry to permit formation of excess ice (e.g. ice exceeding pore space, including segregation ice), as is observed in these viscous flow features (e.g. Kowalewski et al. 2006 ; see also Heldmann et al. 2012 ).
Stable upland zone. As for the case in the inland mixed zone, sand-wedge polygons are common in the stable upland zone. However, a special type of sand-wedge polygon, a sublimation polygon, forms where sediment overlies massive ice in the stable upland zone (Fig. 5) . The formation and evolution of sublimation-type polygons is tied to the thermal cracking and sublimation of underlying ice (Fig. 5) . As cracks form in buried, massive ice, the finest fraction of overlying, dry debris (,2 cm) percolates down into the cracks. Material that is too large (.2 cm) collects at the buried-ice surface. This process of passive sifting and removal of fine-grained material creates a zone of relatively coarse-grained debris at polygon margins (i.e. above contraction cracks). Owing to the relatively high porosity and permeability of this debris, sublimation of the underlying ice is locally enhanced . Ultimately, elevated rates of ice sublimation at polygon margins leads to the development of deep troughs, more than 2 -3 m deep, that outline conical, sedimentcovered mounds of buried ice (Fig. 5) . Several negative feedbacks prevent runaway ice loss. First, as troughs deepen, they cool relative to polygon centres, as their bases are in shadow for a greater proportion of the day; the lower temperatures reduce rates of ice sublimation . Second, deep troughs become preferred sites for collection of wind-blown snow (and volcanic ash fall, see the section on 'Chronological control: ash-fall deposits and cosmogenic nuclide dating'). The downwards flux of vapour or minor melt from the base of these snowbanks creates a thin layer of superposed, pore ice (and salt-cemented horizons) that effectively seals the remaining ice from sublimation Kowalewski et al. 2006 Kowalewski et al. , 2011 Kowalewski et al. , 2012 Levy et al. 2006) . Ultimately, cohesive plugs of ice-and salt-cemented sands form at the top of contraction cracks. These plugs prevent further infiltration of overlying sediment, and reduce the potential for compressive stress and ice deformation at depth (e.g. Marchant et al. 2002) .
Sublimation polygons, particularly those found in central Beacon Valley, were first studied in detail because of an unusual set of seemingly contradictory observations. At first glance, the highcentred morphology of sublimation polygons implies widespread cryoturbation, with near-surface sediment cycling towards troughs and subsurface debris moving towards polygon centres (Sletten et al. 2003) . However, the presence of ancient, in situ ash fall in drift cut by sublimation polygons (Sugden et al. 1995b ; see also below) implies very limited cryoturbation Kowalewski et al. 2011 ). The conceptual model presented in Marchant et al. (2002) , and later in Levy et al. (2006) and Kowalewski et al. (2011 Kowalewski et al. ( , 2012 , which highlights the effects of localized ice sublimation at polygons troughs (outlined above) appears to resolve this conundrum. The model highlights the potential for equifinality in geomorphology, which postulates that similar-appearing landforms may arise from a number of different processes or from the same process acting over different time spans (Nicholas & Quine 2010) . Interestingly, the initial report that called for rapid growth and recycling of sediment at polygon troughs and centres (Sletten et al. 2003) , did not include data on sublimation polygons. Instead, measures of cryoturbation and recycling were based on analyses of active sand-wedge polygons in lower Beacon Valley (in a region with especially abundant sand supply) and on a variety of other sand-wedge polygons located elsewhere in the Dry Valleys, including coastal sites. Thus, the relatively rapid recycling times reported in Sletten et al. (2003) are not necessarily applicable to the sublimation polygons with ancient ash fall in central Beacon Valley, as initially implied. Overall, this discussion highlights the importance of recognizing local variations in process geomorphology, and cautions against the broad application of assigning rates of change across various polygon subtypes and in areas with differing substrates, environmental conditions (sand supply, salt concentrations, etc.) and microclimates.
In terms of viscous-flow features, debris-covered glaciers are the most common form of flow in the stable upland zone. Most debris-covered glaciers occur downwind from dolerite-capped cliffs and originate through the accumulation of rockfall on extant alpine glaciers (Fig. 6a) . Consequently, debris-covered glaciers are especially common in the Quartermain Mountains and in the western Asgard Range, where small alpine glaciers typically form in the lee of cliffed-bedrock headwalls (Rignot et al. 2002; Shean et al. 2007; Shean & Marchant 2010 ). Rocks and debris that fall onto ice-accumulation zones may travel englacially before rising to the surface as overlying ice sublimes. The debris-covered glaciers in the stable upland zone have extremely low accumulation area ratios (AAR), defined as the ratio of accumulation area to total area (accumulation + ablation). AAR is of the order of about 0.11-0.15 for debris-covered glaciers in Beacon Valley, compared to approximately 0.65 typically assumed for traditional alpine glaciers (Meierding 1982 ; see also Hambrey et al. 2008) .
The stratigraphical contact between underlying glacier ice and overlying debris is smooth and dry, and the metre-scale geometry of this surface mimics the modern ground topography . As dirty ice sublimes, the thickness of the surficial debris layer increases (Kowalewski et al. 2011) . The rate of ice sublimation is dependent on the thickness, porosity and permeability of this overlying layer (e.g. sublimation till) (Schaefer et al. 2000; Marchant et al. 2002; Kowalewski et al. 2006 Kowalewski et al. , 2011 Kowalewski et al. , 2012 Levy et al. 2006) . Recent modelling studies show that, for central Beacon Valley, debris that asymptotically thickens to about 0.5 -0.7 m effectively stops sublimation. Sugden et al. (1995b) argued that remnant debriscovered ice from Taylor Glacier in central Beacon Valley has survived for least 8.1 Ma beneath a thin, approximately 50 cm-thick, dry layer of sublimation till (see also Kowalewski et al. 2006 Kowalewski et al. 2006 Kowalewski et al. , 2011 Kowalewski et al. , 2012 ; for example, a stable ice surface for ancient Taylor Glacier ice (e.g. the ice described in Sugden et al. 1995a, b) in central Beacon Valley is achieved with a 1.98C decrease in mean annual atmospheric temperature or a 12% increase in mean annual relative humidity .
Lastly, as a result of the characteristic increase in till thickness as a function of distance down-valley (e.g. Kowalewski et al. 2011) , ablation rates are highest near valley headwalls and decrease to almost zero near thickly covered glacier termini. This pattern, which is opposite that of clean ice glaciers, leaves uppermost ablation areas vulnerable to climate fluctuations (Whalley 1979; Ackert 1998; Konrad et al. 1999) . Beheaded debris-covered glaciers (those where topographical hollows exist in former snow-and-ice accumulation areas and in the upper ablation areas of debris-covered glaciers) occur in several places in the stable upland zone, especially in Beacon and adjacent valleys and in the western Asgard Range (Fig. 7) . These hollows may reflect a change in climate leading to a marked reduction in ice accumulation or, alternatively, may reflect a reduction in rockfall debris, leading to greater expanses of exposed glacier ice, rapid sublimation and ice-surface lowering (e.g. ).
Synthesis. Mesoscale landforms: contraction-crack polygons and viscous-flow features
Contraction-crack polygons of different types are strong morphological indicators of climate conditions prevailing in a particular zone. As shown in Figure 5 , morphological variation arises from the abundance of liquid water in near-surface soils. Ice-wedge polygons of the coastal thaw zone require wet active layers. Sand-wedge polygons of the inland mixed zone signal soil moisture/cohesion sufficient to maintain thermal cracks but insufficient to fill cracks with ice. Sublimation polygons of the stable upland zone indicate the location of nearsurface buried ice in regions without wet active layers (Fig. 5) . All three types of contraction-crack polygons provide information on the distribution and concentration of subsurface ice. For ice-wedge polygons, the highest concentration of ice occurs in polygon troughs and underlying wedges. For sand-wedge polygons, the ice commonly occurs distributed evenly as pore ice in near-surface sediment (generally ,30% ice by volume). For sublimation polygons, excess ice (ice exceeding available pore space and with values ≫30% ice by volume) generally occurs less than 1 m from the ground surface . In sharp contrast with icewedge polygons, troughs at the boundary of sublimation polygons contain the lowest concentration of ice.
The style of viscous-flow developed in each microclimate zone depends on the availability and state of water. If water saturates near-surface soils, as it does in the coastal thaw zone (aided in places by the freezing point depression associated with brines), then flow is best accommodated by solifluction. If water freezes at depth to form excess pore ice, then gelifluction lobes may dominate, although at present the soil-moisture conditions of the inland mixed zone are too dry to permit widespread development of gelifluction lobes (Swanger et al. 2010) ; rather viscous lobes in the inland mixed zone appear related to burial of pre-existing surface-ice deposits, either glaciers or snow banks (Swanger et al. 2010 ; see also Hassinger & Mayewski 1983 ). In the stable upland zone, where there is insufficient meltwater to promote solifluction or to produce excess subsurface ice, debriscovered glaciers dominate. As a check on alternate source mechanisms for subsurface ice in the stable upland zone, Kowalewski et al. (2006) showed that the downwards flux of vapour into soils is currently incapable of producing requisite pore-ice volumes that would sustain viscous flow (however, see also Lacelle 2011).
The manner in which buried ice degrades varies as a function of microclimate zone (Swanger et al. 2010) (Fig. 8) . In the coastal thaw zone, buried ice associated with the late Wisconsinan Ross Sea glaciation (Denton & Hughes 1981; Hall & Denton 2000; Pollard et al. 2002) shows extensive physical evidence for melting and topographical degradation by thermokarst processes and wet active-layer cryoturbation (Fig. 8 ) Swanger & Marchant 2007 ; see also Glasser et al. 2006 for ice ablation along the nearby McMurdo Ice Shelf). In the inland mixed zone, the top surfaces of buried-ice deposits experience some melting but the evidence for this comes from isotopic variation, rather than from physical changes in the morphology of the buried-ice surface. Meltwater may rework overlying supraglaical debris but the ice surface itself lacks the characteristic hollows and undulating topography typical of thermokarst at the coast. In the stable upland zone, multimillion-year-old buried glacier ice retains its original isotopic signature and overlying debris shows no evidence for transport by meltwater Souchez & Lorrain 2006) . Recently, however, Lacelle et al. (2011) reported minor, diffusion-driven isotopic variation within the upper 7 cm of some buried-ice deposits in the stable upland zone. At a minimum, the finding confirms that ablation in this region is entirely by sublimation. The important point that follows from this comparison of buried-ice deposits is that, in polar deserts, minor variations in atmospheric temperature play major roles controlling the rate and style of ablation of shallow ice deposits and resultant surface morphologies (Fig. 8) . Along microclimate boundaries, as occur between the inland mixed zone and stable upland zones, the impact of slope aspect and variable surface topography may blur the distinction between ice loss wholly by sublimation and ice loss through a combination of widespread sublimation and partial melting on equator-facing slopes (Kowalewski et al. 2011 .
Recent numerical-modelling studies of slope stability/regolith transport in the stable upland zone show that values for topographical diffusivity are the lowest of any region yet measured on Earth (the topographical diffusivity relates the rate of sediment transport per unit slope width to the local slope angle, and is measured in m which is one or two orders of magnitude lower than for any other reported topographical diffusivity on Earth, and nearly four orders of magnitude lower than most short slopes outside Antarctica (Hanks et al. 1984; Fernandes & Dietrich 1997) . Importantly, Putkonen et al. (2012) noted a wide range of modelled diffusivities across the region, including variable diffusivity along a single slope, and that most of the approximately 1000 boulders measured had not yet achieved steady state conditions (with respect to topographical bulge and down-slope trough formation). For example, of the 997 boulders examined, they found measurable cavity-bulge pairs on 190; and for these 190 boulders, significant variation in calculated topographical diffusivity is implied. Although the results were initially reported as being at odds with long-term preservation of ancient ash fall in the Dry Valleys (Putkonen et al. 2012 ; see also below), the main conclusions appear to be that topographical diffusivities in the stable upland zone are among the lowest on Earth (by several orders of magnitude) and that calculated values are highly variable and site specific. Indeed, some slopes/portions of slopes appear to show no morphological evidence for the development of breaking boulders and downslope movement. Given this, the most parsimonious interpretation of the data is that the ash deposits preserved for millions of years occur on slope segments with very low topographical diffusivities (see discussion below).
Microscale landforms: tafoni, weathering pits, desert pavements and duricrusts Coastal thaw zone. Most rocks at the surface in the coastal thaw zone show numerous salt encrustations (Nichols 1968; Gibson et al. 1983; Campbell & Claridge 1987; Hall 1991) (Fig. 9) . These salts are produced by evaporation of near-surface brines and saline meltwater. The growth and expansion of salts pry loose mineral grains, particularly on coarse-grained rocks, and lead to the development Fig. 8 . Variation in the degradation of buried ice as a function of microclimate zone. (a) Debris-covered glacier ice in the stable upland zone (distal Mullins Glacier in the foreground, and buried Miocene-age ice in background -the latter is described in Sugden et al. 1995a, b and Marchant et al. 2002) about 80 km from the coast and approximately 1300 m elevation. The surface debris is approximately 50-70 cm thick, dry and marked by sublimation polygons (see Fig. 6 ). Buried ice below this till retains its primary (meteoric) isotopic composition (e.g. Sugden et al. 1995a, b; Souchez & Lorrain 2006; unpublished data) , indicating that it has not been modified by extensive melting and refreezing (however, see also Lacelle et al. 2011) ; the field of view in foreground is about 600 m. (b) Deformed, ice-cored moraine in central Taylor Valley, inland mixed zone, about 40 km from the coast and around 600 m elevation. Stable isotopic data from the buried-ice surface at this location indicate periods of melting and refreezing, coupled with evaporation and sublimation (Swanger et al. 2010) . Morphological change associated with widespread thermokarst is lacking, and active meltwater is not pervasive but is, instead, localized alongside melting snow banks and within stream channels; field of view in the foreground is about 400 m. (c) Widespread thermokarst degradation of late Wisconsinan-age buried glacier ice in the coastal thaw zone, approximately 1 km from the Ross Sea coast and about 120 m elevation. Circular depressions are filled with ponds that thaw during peak summer conditions ; field of view in the foreground is about 700 m (see also Glasser et al. 2006 for ablation and melting characteristics on the surface of nearby ice shelves). Altogether, the data show a progressive increase in the degradation of buried-ice deposits from the high-elevation stable upland zone, to the inland mixed zone and, finally, to the coastal thaw zone (figure adapted from Swanger et al. 2010). of widespread grus (loose collections of mineral grains). Some salt-coated rocks are weathered flat to the soil surface (Beyer et al. 1999) ; traces of these former upstanding boulders appear as tails of grus, elongated in the downwind direction. Salt weathering in the coastal thaw zone also leads to the development of tafoni through cavernous weathering of coarse-grained rocks (Conca & Astor 1987) . Typical salt species in the coastal thaw zone include gypsum (CaSO 4 . 2H 2 O), halite (NaCl), mirabilite (Na 2 SO 4 . 10H 2 O) and nitratine (NaNO 3 ). As measured over 10 m baselines, the long-term effect of salt weathering in the coastal thaw zone is to smooth bedrock slopes. Observations of slopes at sub-metre scales, however, show considerable relief (Conca & Astor 1987) . In addition to salt weathering, surfaces in the coastal thaw zone display evidence for alteration associated with freeze -thaw processes or seasonal meltwater (Kelly & Zumberge 1961; Campbell & Claridge 1987; Hall 1993) .
Inland mixed zone. The climate conditions of the inland mixed zone foster the development of widespread desert pavements, with wind-faceted cobbles (ventifacts) and intervening lags of coarsegrained sand and gravel. In regions with finegrained extrusive rocks (best suited for developing wind-polished facets : Selby 1977) , the spacing of ventifacts varies approximately with soil age. Surfaces with interlocking ventifacts and little intervening sand are generally older than are sandy surfaces with widely spaced ventifacts. As in the coastal thaw zone, surface clasts within the inland mixed zone are commonly coated with salts and efflorescences. In areas unaffected by surface Stresses alternate between tension and compression, which may lead to the fracture and detachment of the rinds, as seen in (c). Temperature data were acquired using a type E fine wire thermocouple (FW3, 0.003 inch wire diameter) and a CR850 datalogger, both from Campbell Scientific.
snow banks, the current land surface in the inland mixed zone shows little evidence for wet activelayer cryoturbation (Schiller et al. 2009 ).
Stable upland zone. Because rocks in the stable upland zone are not subjected to episodes of repeated burial and exposure, as commonly occurs in areas with traditional, wet active layers (e.g. Hallet & Waddington 1991) , rock-surface textures are almost exclusively a function of minor chemical weathering, wind erosion, thermal fracture and salt weathering. Given the very dry conditions of the stable upland zone, salt weathering proceeds at an extremely slow pace. Rates of surface erosion in the stable upland zone that are based on analyses of in situ-produced cosmogenic nuclides in boulders are as low as about 6 cm Ma
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, the lowest measured on Earth (Brook et al. 1995; Summerfield et al. 1998 Summerfield et al. , 1999 Margerison et al. 2005; Staiger et al. 2006) . Micro-relief on rock surfaces is initiated by minor snowmelt that forms on solar-heated rocks. This meltwater tends to occupy shallow surface depressions, which originally may have formed by wind scour on exposed rock surfaces (Selby 1977) . Repeated cycles of melting and concentration of ions through water evaporation in depressions are sufficient to produce visible salt encrustations. Microfracturing and undercutting of rock minerals by the growth and hydration of these salts creates pits that, through positive feedback, attract more snow, producing more salts and ever deeper and wider pits (Allen & Conca 1991; Parsons et al. 2005; Staiger et al. 2006) (Fig. 9 ). According to Staiger et al. (2006) , the average width and depth of weathering pits increases linearly with exposure age, with pits at one location in the stable upland zone increasing in width and depth by approximately 10 and 6.7 mm Ma 21 , respectively. If inclined rock surfaces are included, this process can also produce a network of pits and micro-rills . Micro-rills form where rock surfaces are inclined, such that saline meltwater spills out from pits and flows down the rock surface. The salts in the stable upland zone are most commonly enriched in nitrates, reflecting derivation from snow blown off the ice-sheet margin (Claridge & Campbell 1977; Bao & Marchant 2006) . Puzzle rocks, those rocks that are fringed with thermally cleaved and spalled fragments, are also common in the stable upland zone (see also Levy et al. 2009 ). For rocks composed of low albedo Ferrar Dolerite (c. 0.07: Campbell et al. 1997b) , the transition from solid boulders to partially disintegrated puzzle rocks in the stable upland zone probably requires millions of years (Marchant et al. 1993a; Staiger et al. 2006) . Infiltration of snowmelt into the upper few centimetres of silty soils in the stable upland zone helps create a fragile, saltcemented duricrust. This fragile crust, held together by crystals that bind detrital grains, is susceptible to breakdown upon wetting. Wetted crusts may yield saline solutions that locally enhance downslope movement of near-surface soil -water mixtures (mm-to cm-scale thickness). However, in the absence of surface water, as is commonly the case in the stable upland zone, the salts are enduring and tend to retard downslope movement and aeolian deflation. In addition, owing to their chemical properties and physical ability to reduce near-surface porosity and permeability, salts in duricrusts may slow the flux of water vapour into and out of underlying soil Kowalewski et al. 2006 Kowalewski et al. , 2012 .
Recent studies have additionally focused on the role of thermal stress fatigue in the breakdown of rocks in dry, polar regions (Hall 1999 (Hall , 2003 (Hall , 2006 Hall & Andre 2001 , 2003 Hall et al. 2002 Hall et al. , 2008a Elliot 2008; McKay 2009) (Fig. 9c, d) . The expansion and contraction of mineral grains from solar heating and cooling can lead to the propagation of microcracks (Yatsu 1988) , which may be responsible for the breakdown of coarse-grained granites Although this process is likely to be active in all zones of the Dry Valleys, the lack of liquid water in the stable upland zone implies that thermal fatigue weathering may play a relatively larger role in rock breakdown in this area (Fig. 9) .
Synthesis. Microscale topography and rock weathering: tafoni, weathering pits, desert pavements and duricrusts
The relatively wet climate conditions of the coastal thaw zone foster the development of widespread near-surface brines. Successive hydration and dehydration cycles lead to the formation of multiple salt species and relatively rapid rates of salt weathering. In the coastal thaw zone, these rates of rock disintegration appear to outpace the development of wellformed ventifacts and small, rock-weathering pits on most rock surfaces. The rate of degradation via salt weathering appears to decrease inland, with measured rates for bedrock erosion in the stable upland zone being an order of magnitude lower than that measured near the coast (Summerfield et al. 1999) . The effects of salt weathering are, however, visible in the stable upland zone as thin duricrusts and pitted-rock surfaces; well-formed pits occur only on rocks in the stable upland zone that have been exposed at the ground surface for more than 1-2 Ma (Parsons et al. 2005; Staiger et al. 2006) . Duricrusts tend to be most extensive where wind-blown snow commonly melts on the surface of adjacent, solar-heated rocks. The meltwater may infiltrate the upper few centimetres of soil, evaporate and, over time, leave behind appreciable salts (e.g. Claridge & Campbell 1977; Bockheim 1997; Bao & Marchant 2006) . In binding adjacent sand grains, the salt mixture creates a thin duricrust from 1 to 2 cm thick. A simple but important point to emphasize is that surface and nearsurface brines in the Dry Valleys may remain in a liquid state at temperatures below 08C. In extreme situations, such as the case for Don Juan Pond, upper Wright Valley, surface water remains unfrozen even as temperatures drop below 240 to 2508C (e.g. Marion 1997; Takamatsu et al. 1998; Healy et al. 2006) . In addition to effecting geomorphic change, such a situation could impact microbial activity (Siegel et al. 1979; Torii et al. 1989) . Finally, in the coldest and driest regions of the stable upland zone, rock breakdown via thermal fatigue may be an important process and, on a relative scale, of greater importance than heretofore imagined.
Chronological control: ash-fall deposits and cosmogenic nuclide dating
Given the widespread and abundant meltwater in the coastal thaw zone, it is likely that all deposits and landforms in this zone are seasonally active. Indeed, most gullies, solifluction lobes, stream channels, thermokarst depressions, fans, ice-wedge polygons, buried-ice deposits and desert pavements are unequivocally younger than 12 000 years old because they occur superimposed on late Wisconsin Ross Sea drift (Denton et al. 1989; . Pliocene-age deposits also occur in the coastal thaw zone (Hall et al. 1993; Hall & Denton 2000) , distal to the late Wisconsin limit, and these appear similarly modified. However, it is not immediately clear whether landforms in other microclimate zones are equally active, occasionally active or even relict (Schiller et al. 2009 ). Unknown, for example, is whether some landforms in the inland mixed zone are active only during extreme climate events (e.g. dramatic warmth following a high snowfall event: Chinn 1993; Barrett et al. 2008; Doran et al. 2008) or whether they are seasonally active. Likewise, it also is unclear to what extent several of the landforms in the stable upland zone are relict, produced only in the distant past when climate conditions were warmer and wetter than today. To address these questions, and to determine the activity and age of landforms in the inland mixed and stable upland zones, researchers have employed a combination of cosmogenic nuclide analyses of surface boulders, laser-fusion 40 Ar/ 39 Ar analyses of in situ ash fall in unconsolidated deposits (Marchant et al. 1993a (Marchant et al. -c, 1996 Schaefer et al. 1999 Schaefer et al. , 2000 Summerfield et al. 1999; Margerison et al. 2005; Balco et al. 2008; Putkonen et al. 2008a; Balco & Shuster 2009; Morgan et al. 2010a, b) and measures of atmospheric 10 Be in Antarctic soils (Schiller et al. 2009) . 13.94 + 0.75, 13.65 + 0.06, 12.56 + 0.1, 12.07 + 0.03, 10.12 + 0.03, 10.071 + 0.989, 8.98 + 0.25, 8.07 + 0.06, 7.87 + 0.43, 7.69 + 0.10, 7.39 + 0.08, 7.10 + 0.11, 4.00 + 0.47, 3 .89 + 0.5 and 3.73 + 0.14 Ma (Table 2 , Fig. 10 ). Third, the preservation of in situ ash fall for millions of years in near-surface settings provides key data on palaeoclimate change since ash-fall deposition. For example, the lack of evidence for subsequent reworking by wet active-layer cryoturbation (e.g. involutions, dissemination of ash in host matrix and waterlain reworking) places important constraints on maximum soil temperatures and soil moisture conditions (see also Schiller et al. 2009; Morgan et al. 2010a) . To a first order, the absence of wet active-layer cryoturbation and concomitant deformation of ash-fall deposits, including negligible geochemical alteration of glass shards, implies that the relatively warm and wet conditions of the present-day coastal thaw zone have not advanced inland to the areas that feature widespread Ar laser total-fusion of volcanic crystals and incremental-heating of volcanic glasses follow previously outlined methods and procedures (Swisher et al. 1992; Marchant et al. 1993a-c; Lewis et al. 2006 Lewis et al. , 2007 Lewis et al. , 2008 . Where both crystal and glass fractions were analysed, none of the glasses yielded significantly younger ages than the youngest crystal from the same sample. We consider these findings to verify that the crystal and glass fractions were most probably co-magmatic, and pertain to the same volcanic event. In some cases, the age obtained for the glass was older than the age of crystals extracted from the same sample. In these cases, we attribute the older glass age to the mobility and subsequent uniform loss of potassium during low-temperature hydration (Cerling et al. 1985) . We therefore consider the youngest crystal age to represent the best age of the deposit (adapted from Marchant et al. 1993b). in situ ash fall . Indeed, the preservation of pristine ash fall within ancient sand-wedge troughs, or superposed on ancient ventifact surfaces (Hall et al. 1993; Marchant et al. 1993c , not only implies cold and dry conditions at the time of ash fall but also cold and dry conditions at all subsequent times up to the present (Fig. 10) (Schiller et al. 2009; Morgan et al. 2010b) . Table 2 provides a compendium for dated in situ ash-fall deposits in the inland mixed and stable upland zones of the Dry Valleys region (in situ and unweathered ash does not occur in the coastal thaw zone). The dated ashes represent direct fallout during volcanic eruptions : most contain very little detrital contamination (basal sections typically show less than 5% non-volcanic contamination, for example: Marchant et al. 1993c ; glass shards exhibit delicate spires and intact bubble vesicles (Lewis et al. 2007) ; ashes of different isotopic ages and geochemical compositions are not mixed together (Staiger et al. 2006) ; and ash deposits typically are poorly sorted and show characteristic bi-modal grain size distributions. Such evidence calls for limited post-depositional reworking, and argues against aeolian erosion and re-deposition. We recognize that some ash deposits, particularly those that fell into troughs bounding active sandwedge polygons Kowalewski et al. 2012) , may have been displaced by several centimetres or more by continued ground contraction (or sublimation of subjacent ice in the case of sublimation polygons: Kowalewski et al. Fig. 10 . In situ ash-fall deposit within a relict trough from an inactive sand-wedge polygon, western Olympus Range, stable upland zone. (a) Oblique view of a shallow soil pit excavated across the intersection of three, formerly buried wedges of concentrated volcanic ash (white) (sample ALS 00-30, dated to 13.94 + 0.75 Ma; Table 2 ) (Lewis et al. 2007) . Near-surface sand-and-gravel deposits, 5 -10 cm thick (e.g. slumped material along the walls of former polygon-troughs: e.g. Kowalewski et al. 2012) , were removed to expose the underlying ash. The white tape measure in (a) is 1 m long. The ash deposit indicates minimal post-depositional reworking, such as might occur with wet active-layer cryoturbation and development of saturated active layers, for the last 13.94 Ma (the isotopic age of the ash-fall deposit; Table 2 : see the text for details). (b) Interpretive sketch of ash deposit (vertical view); inset shows the location of excavation with respect to inactive sand-wedge polygons. Based its morphology, the ash was most probably collected in a Y-shaped intersection at the juncture of three former polygon troughs (e.g. Marchant et al. 1996) (inset in b) . (c) Interpretive sketch, showing that the wedge-shaped ash deposit extends more than about 50 cm into the subsurface (adapted from Lewis et al. 2007 Lewis et al. ). 2011 Lewis et al. , 2012 . However, the ashes have not been re-transported since initial deposition in that they still rest within their original morphological traps .
It is important to note that ash-fall deposits have not been observed in the coastal thaw zone. However, halloysite, a common alteration product produced by the chemical breakdown of altered volcanic glass, is found admixed in sediment along the floor of Wright Valley (Jones et al. 1973) and elsewhere in the coastal thaw zone (see also Claridge & Campbell 1974 , 2007 . The occurrence of halloysite in surficial deposits of the coastal thaw zone is consistent with extensive meltwater, wet active-layer cryoturbation and relatively high rates of chemical weathering.
Cosmogenic nuclide analyses
Numerous investigators have applied cosmogenic nuclide analyses in order to understand the landscape evolution in the Dry Valleys region. Some of the major findings are as follows: (1) near-surface deposits in the stable upland zone have not been reworked by wet active-layer cryoturbation for at least the last several million years (Putkonen et al. 2008a; Morgan et al. 2010a, b ; see also Schiller et al. 2009 ); (2) the topographical diffusivity in the stable upland zone is the lowest of any region measured on Earth (Putkonen et al. 2012) ; (3) erosion rates for exposed bedrock (Schaefer et al. 1999; Summerfield et al. 1999; Ackert & Kurz 2004) and regolith (Morgan et al. 2010a ) are among the lowest on Earth , reaching approximately 5-20 cm Ma 21 in the stable upland zone (and c. 1-2 m Ma 21 in the coastal thaw zone); and (4) the oldest surfaces at high elevations in the stable upland zone are at least about 12 -14 Ma (Schaefer et al. 1999 (Schaefer et al. , 2000 Margerison et al. 2005) .
Discussion

Climate and landscape stability
Changes in the spatial distribution of equilibrium landforms over time, or the presence of relict equilibrium landforms, provide a morphological basis for interpreting past and on-going climate change. The preservation of in situ Miocene and Pliocene ash-fall deposits in the far-western Dry Valleys region indicates that the relatively warm and wet microclimate of the coastal thaw zone, which permits extensive downslope movement and saturated active-layer cryoturbation, did not advance westwards into the Asgard -Olympus ranges, nor into the Quartermain Mountains (e.g. stable upland zone), during Pliocene time (nor during other postMiocene warm-Earth intervals: DeConto et al.
2012
). If atmospheric temperature, soil moisture and relative humidity had risen to levels now experienced at the coast during the summer, then ash-fall deposits and unconsolidated diamictons in the stable upland zone would show evidence of solifluction, erosion by liquid water and widespread cryoturbation from wet active layers, which is not the case. One cannot argue that such features formed during Pliocene time but have since been eroded because the preservation of older in situ Miocene and Pliocene ash-fall deposits, sand wedges, gullies and desert pavements indicates that the surface morphology of the stable upland zone is ancient, and that it was not modified extensively during late Miocene, Pliocene or Quaternary time. Hence, the volcanic data of the stable upland zone strongly suggest persistent hyper-arid, cold desert conditions since at least mid-Miocene time (see also Table 2 ).
Finally, the chemical stability of in situ ash-fall deposits also bears on the question of climate change. Volcanic glass is chemically unstable at the ground surface and alters to clay at a rate dependent on atmospheric temperature and the abundance of pore water (rates increase at high atmospheric temperatures and high pore-water pressures: Lowe & Nelson 1983; Lowe 1986 ). In all but one case, ash deposits in the Dry Valleys contain less than 5% clay, and associated volcanic crystals lack evidence of chemical etching (Marchant et al. 1993c . The one exception is a highly altered and weathered ash dated at 16.9 Ma, which occurs along the coast in the foothills of the Royal Society Range (c. 250 m elevation). This ash is the oldest yet dated from the McMurdo region, and represents a particularly interesting finding in that it was deposited during the relatively warm interval known as the Mid Miocene climate optimum, a time when atmospheric temperatures in the Dry Valleys were substantially above modern values (Warny et al. 2009 ). In fact, all ash deposits that post-date the subsequent atmospheric cooling that occurred during the Mid Miocene Climate Transition (c. 13.8 Ma: Lewis et al. 2008 ) are comprised of fresh-appearing glass shards and little-weathered volcanic crystals. On this basis, we argue that the relatively warm and wet climate conditions of the Mid Miocene Climate Optimum did not return to the stable upland zone during approximately the last 13.8 Ma. Indeed, evidence from fossil tundra and glaciological modelling indicates that the Mid Miocene Climate Transition registered a permanent jump towards colder conditions in the stable upland zone, equivalent to a reduction in summertime atmospheric temperatures of at least 88C (Lewis et al. 2008) . This extreme shift, and subsequent climate and geomorphic stability of the stable upland zone, is in stark contrast with measured, large-scale changes in climate and landscape evolution that have occurred in the high Arctic regions throughout the Pliocene and Quaternary Periods (for example, Baffin Island: Kleman et al. 2001; Miller et al. 2005) . In fact, unlike the case for the stable upland zone, most macroscale (and, perhaps, mesoscale) landforms in the Arctic reflect the culmination of alternating geomorphic processes operating under a variety of climates over the last several million years (Bradley 1999) . This last point emphasizes the unique aspect of the stable upland zone, and makes it an ideal terrestrial analogue for understanding the origin and evolution of cold-desert landforms on Mars (Head & Marchant 2003; Head et al. 2003b Head et al. , 2006 Head et al. , 2011 .
If correct, and climate conditions in the stable upland zone have remained relatively stable for over 10 Ma, could the same be true of the inlandmixed and coastal thaw zones? Unfortunately, because the vast majority of ash-fall deposits occurs within the stable upland zone, not within the inland mixed zone or coastal thaw zone, the data are inconclusive. However, we find no substantial evidence for dramatic changes in the style of cryoturbation in the inland mixed zone during proposed warm-Earth intervals. Localized warming at low elevations in the Dry Valleys would be registered as a landwards shift of the coastal thaw zone at the expense of the inland mixed zone (e.g. . This would pobably increase the areal extent of wet active-layer cryoturbation, promote solifluction and salt weathering, and possibly lead to the development of wide, low-density gullies with rounded interfluves such as those that today occur in the coastal thaw zone. Although this does not appear to be the case, the available geomorphic data do not preclude modest warming of about 38C at inland sites (Marchant et al. 1993c; Denton et al. 1993; and up to around 88C at coastal sites (Hall et al. 1993) . However, detailed geomorphic inspection of the inland mixed zone reveals geomorphic evidence for what may be very slight ongoing climatic warming. Although the majority of landforms in the inland mixed zone appear in equilibrium with local environmental conditions, some ice-cored, viscous flow lobes show evidence of stream dissection, with channels bisecting lobes and producing locally extensive fans of stratified debris (Swanger et al. 2010) . We suggest that these stream-dissected lobes, the core of which probably formed during the last interglacial (c. 130 ka: Swanger et al. 2010) , may no longer be in equilibrium with current microclimate conditions, and that they may be a harbinger of ongoing climate warming. Regardless, the icecored lobes and superposed channels do appear to reflect a palimpsest landscape, hinting at the local migration of dominant geomorphic processes of the coastal thaw zone into the inland mixed zone. If correct, this assertion appears consistent with observations that call for rising lake levels from minor atmospheric warming in the Dry Valleys (Chinn 1993; Priscu 1998 ; see also Lyons et al. 1997 Lyons et al. , 1998 . However, as shown by Hall et al. (2010) , lake levels in the Dry Valleys show a complex response to varied atmospheric conditions, and rising lake levels are not necessarily tied to regional-scale atmospheric warming.
Implications for Antarctic ice-sheet dynamics
The geomorphic stability of the stable upland zone probably arises from the lasting presence of a robust polar East Antarctic Ice Sheet (e.g. one without extensive surface melting zones: . Although east -west thermal gradients across the Dry Valleys may have steepened slightly during the middle Pliocene, climate conditions in the stable upland zone and, hence, regions proximal to the East Antarctic Ice Sheet most probably remained little modified over approximately the last 14 Ma; for example, it is unlikely that the margins of the East Antarctic Ice Sheet in this sector of Antarctica experienced significant surface melting (see also DeConto et al. 2012) .
Is the record from the Dry Valleys unique? Can it be applied to other regions of the Transantarctic Mountains, or to offshore regions in the Ross Sea? Recent results from the ANDRILL consortium have documented significant, post-Miocene-age changes in the areal extent of grounded ice in the Ross Embayment, with strong implications for dynamic oscillations of the West Antarctic Ice Sheet. Although these documented fluctuations of grounded ice and inferred atmospheric warming in the Ross Embayment (Scherer et al. 2008; Naish et al. 2009 ) appear in sync with Milankovitch forcing (Naish et al. 2009; Pollard & DeConto 2009) , it is unclear what mechanisms drove ice advance and retreat. Rising and falling atmospheric temperatures have been implicated, as have changes in sea level and ocean temperature, but the geomorphic data from the Dry Valleys suggest that inland regions remained relatively cold and dry throughout periods of inferred ice advance and retreat. As such, one likely possibility is that icevolume fluctuations in the Ross Embayment were most probably related to changes in ocean temperature/circulation, with interior regions of the Dry Valleys and, by extension, ice further inland remaining largely unaffected. If so, the magnitude of ocean warming sufficient to drive retreat of grounded, marine-based ice could have been relatively modest, although at the present time it is unclear how much ice from West Antarctica was lost during recent warm-Earth intervals (Fogwill et al. 2012) . Indeed, results from numerical modelling using a coupled three-dimensional (3D) ice shelfice sheet model show that during Marine Isotope Stage 31 (a warm-Earth interval from c. 1.08 to 1.06 Ma), and perhaps during other warm-Earth intervals, ice-volume fluctuations in the West Antarctic Ice Sheet were driven by variations in sub-ice-shelf oceanic melting, with 'insignificant surface melting of East Antarctic ice', even during times of peak warmth (DeConto et al. 2012) . If correct, this underscores the sensitivity of marinebased ice sheets to subtle changes in ocean circulation and ocean temperature, and also highlights the great stability of local climate conditions in the stable upland zone. On this basis, ongoing research in the Dry Valleys appears focused on determining the magnitude of potential warming in Antarctica during recent warm-Earth intervals. At the present time, for example, there is no clear consensus on the magnitude of warming during the Pliocene Epoch (Lewis et al. 2007 (Lewis et al. , 2008 Naish et al. 2009; Fielding et al. 2012) . However, it appears that the initial debate that focused on Pliocene instability of the terrestrial East Antarctic Ice Sheet (e.g. Webb et al. 1984) has given way to assessing the potential instability of the marine-based West Antarctic Ice Sheet.
Summary † On the basis of measured atmospheric temperature, soil moisture, relative humidity, and prominent wind-speed and direction, we divide the Dry Valleys region into three microclimate zones: a coastal thaw zone; an inland mixed zone; and a stable upland zone. Each zone fosters a unique suite of geomorphic processes and resultant landforms. † The coastal thaw zone shows numerous active solifluction lobes, streams, gullies and debris flows. The inland-mixed zone features late Miocene-and Pliocene-age landforms, as well as some modern viscous-flow lobes and gullies that occur in protected areas with relatively high moisture content. The stable upland zone exhibits an ancient microtopography; there are no solifluction lobes, active gullies or widespread regions with wet active-layer cryoturbation. Instead, the stable upland zone shows Miocene-age landforms that appear little modified by subsequent cryoturbation or erosion by liquid meltwater. † The absence of solifluction lobes and stream channels on in situ Miocene-and Pliocene-age landforms in the stable upland zone indicates that the relatively mild climates of the coastal thaw zone and inland mixed zone (with mean summer temperature and relative humidity of about 248C/57% and 258C/52%, respectively) have not advanced westwards into the stable upland zone during at least approximately the last 13.8 Ma (see also Lewis et al. 2008) . † Although minor warming may have occurred in the Dry Valleys region during Pliocene time, maximum warming in the stable upland zone was probaby less than 38C (e.g. Marchant et al. 1993c) and perhaps up to 88C in the coastal thaw zone (Hall et al. 1993 ). The implication is that the warm climate conditions necessary for the development of extensive surface-melting ablation zones, ice-margin retreat (Huybrechts 1993; Marchant et al. 1993c ) and growth of vascular vegetation in the Dry Valleys (e.g. Webb & Harwood 1993; Fielding et al. 2012) could not have occurred during Pliocene time. In addition, the preservation of in situ ash-fall deposits and delicate desert pavements, all of Miocene or Pliocene age, strongly suggests that wet-based erosive glaciers also failed to advance into the stable upland zone (above 1200 m elevation) during Pliocene time. † Overall, the geomorphic record from the Dry Valleys implies an enduring polar East Antarctic Ice Sheet since Middle Miocene time, and makes it difficult to ascribe large-scale Pliocene sealevel fluctuations (Miller et al. 2012) to icevolume variations on the East Antarctic Craton (e.g. Dowsett & Cronin 1990; Krantz 1991; DeConto et al. 2012 ).
